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Protein  structure  comparison  by  pairwise  alignment  is  commonly  used  to  identify  highly  similar  substruc-
tures in pairs  of proteins  and  provide  a measure  of structural  similarity  based  on  the  size  and  geometric
similarity  of  the  match.  These  scores  are  routinely  applied  in  analyses  of protein  fold  space  under  the
assumption  that  high  statistical  signiﬁcance  is equivalent  to  a  meaningful  relationship,  however  the truth
of this  assumption  has  previously  been  difﬁcult  to  test  since  there  is  a lack  of  automated  methods  which
do  not  rely  on  the  same  underlying  principles.  As a resolution  to  this  we present  a method  based  on the
use of  topological  descriptions  of  global  protein  structure,  providing  an  independent  means  to  assess  the
ability of  structural  alignment  to  maintain  meaningful  structural  correspondances  on a large  scale.
Using  a  large  set  of decoys  of  speciﬁed  global  fold  we  benchmark  three  widely  used  methods  for
M-align
M-score
ecoy model
structure  comparison,  SAP,  TM-align  and  DALI,  and  test  the  degree  to which  this  assumption  is  justiﬁed
for  these  methods.  Application  of  a topological  edit  distance  measure  to  provide  a  scale  of the  degree  of
fold change  shows  that while  there  is a broad  correlation  between  high  structural  alignment  scores  and
low edit  distances  there  remain  many  pairs  of  highly  signiﬁcant  score  which  differ  by  core  strand  swaps
and  therefore  are  structurally  different  on  a  global  level.  Possible  causes  of  this  problem  and  its  meaning
for present  assessments  of  protein  fold  space  are  discussed.. Introduction
The concept of the “fold” of a protein structure is widely used
hen discussing broad features of protein structure space, how-
ver no universally agreed, consistent deﬁnition of the term exists
Harrison et al., 2003; Sippl, 2009; Valas et al., 2009; Sadreyev et al.,
009; Csaba et al., 2009). In general the most common meanings
iven to the term can be reduced to two: (i) the global structure of
he protein and (ii) the structure of a “core” which is broadly con-
erved through evolution but may  accumulate moderate changes
nd become substantially decorated by embellishments.
Of these two, deﬁnition (i) is essentially the meaning of the
erm as used by structural biologists while deﬁnition (ii) is closer
o that used by the major classiﬁcations of structure, SCOP and
ATH (Murzin et al., 1995; Hubbard et al., 1997; Orengo et al., 1997;
reene et al., 2007; Cuff et al., 2008). In describing core structures
oth classiﬁcations make some use of topological description as
 means to organise structural data. In this formalism structural
etails are abstracted out in favour of a deﬁnition which describes
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the arrangement of elements of secondary structure in terms of
relative positions and orientations (Richardson, 1977, 1985; Flores
et al., 1994; Westhead et al., 1998; Gilbert et al., 1999). For many
domains this core topological description may  correspond to the
entire structure but for others which have experienced substantial
embellishments the core may  only be a relatively small fraction of
the structure or might be obscured by substantial rearrangements
such as circular permutations (Andreeva and Murzin, 2006; Krishna
and Grishin, 2005; Pan and Bardwell, 2006; Reeves et al., 2006;
Grishin, 2001; Harrison et al., 2002; Chaudhuri et al., 2008). Even-
tually the accumulation of many changes of this sort may  lead to
adoption of a globally different topology (Grishin, 2001; Peisajovich
et al., 2006; Krishna and Grishin, 2005; Taylor, 2007) with a differ-
ent core, which would be considered a change of fold in either of
the two senses deﬁned above.
This evolutionary difﬁculty in classifying proteins structurally
can be avoided if we  are prepared to separate the question of
evolutionary relatedness from structural similarity, however the
question of whether proteins can be meaningfully classiﬁed into
Open access under CC BY license.discrete groups has been debated for some time (Shindyalov and
Bourne, 2001; Harrison et al., 2002) based purely on the results
of structure comparison. Studies of structural classiﬁcations
have shown that although there are many broad agreements the
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Fig. 1. Density plots of structural alignments between decoys and PDB structures. RMSD (Y-axis) is plotted against alignment length (X-axis) for each comparison. As there are
several million data points, the color indicates the number of data points in each region of the plot, with pink indicating high density. DALI does not give as many comparison
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mesults  as SAP and TM-align, as it only reports a match over a built-in cutoff wherea
f  data points. The boxed corner (lower right) indicates the region in which good m
eferences to color in this ﬁgure legend, the reader is referred to the web version of
xistence of many proteins in some groups such as the “super-
olds” (Orengo et al., 1994) causes particular difﬁculty in consistent
lassiﬁcation (Hadley and Jones, 1995; Day et al., 2003; Sam et al.,
006; Csaba et al., 2009; Sadowski and Taylor, 2010). Several
ecent studies in particular have questioned whether the idea
f the “fold” as a discrete entity describing protein structure is
eaningful (Kolodny et al., 2006; Petrey et al., 2009; Skolnick
t al., 2009; Petrey and Honig, 2009), based on the observation of
igniﬁcant structural similarities between proteins with different
lobal structure. However these observations depend crucially on
he meaning of statistical signiﬁcance when applied to pairwise
rotein structure comparison and whether the rarity of a com-
arison score compared to the assumed background distribution
ccurately reﬂects interesting structural similarity.
Normalization of pairwise scores for structure comparison
emains an area of active research (Taylor et al., 2006; Wrabl
nd Grisin, 2008; Xu and Zhang, 2010). Substructure compar-
sons are dominated by recurring fragments on a variety of length
cales (Taylor and Thornton, 1984; Orengo et al., 1993; Orengo
nd Thornton, 1993; Salem et al., 1999; Friedberg and Godzik,
005). Globally the overall tendency of proteins to be compact pro-
uces a length-dependency as a consequence of the relationship
etween radius of gyration and chain length (Maiorov and Crippen,
994; Reva et al., 1998; Betancourt and Skolnick, 2001; Zhang and
kolnick, 2004). Adding gaps into the comparison complicates mat-
ers signiﬁcantly by adding another parameter which needs to be
onsidered in the background distribution: too few gaps means the
lignment will invariably miss signiﬁcant similarities but allow-
ng too many provides optimization procedures used by structure
lignment methods with loopholes to exploit, leading to results of
uestionable signiﬁcance such as when a strand and a helix can be
ligned to one another.
On this basis it is important to ask whether ﬁndings of
signiﬁcant” similarities between structure pairs necessarily
aintain a correspondance between core structures in the face of TM-align and SAP report a hit no matter how poor it is, giving a wider distribution
es that include most of the two structures will be found. (For interpretation of the
rticle.)
a  signiﬁcantly similar fragment. To determine how well structure
comparison captures this trade-off it is necessary to objectively
benchmark methods but this is not a simple issue. Firstly most
methods tend to use similar scores: although their implemen-
tations and normalizations do vary they are typically based on
the same overall framework. Structure classiﬁcations attempt to
classify global structure using core similarities but there is a risk
of circularity since these are largely based on similar methods
to those under scrutiny; where differences are found these are
often a reﬂection of subjective choices based on evolutionary and
functional relationships which do not necessarily cohere with
structural changes (Hadley and Jones, 1995; Day  et al., 2003;
Theobald and Wuttke, 2006; Sam et al., 2006; Csaba et al., 2009;
Sadowski and Taylor, 2010).
To explore this issue we have benchmarked three major struc-
ture comparison methods (SAP, TM-align, DALI) using decoys with
a three-layer alpha/beta/alpha sandwich structure generated by a
structure prediction method capable of exploring a large fraction
of topologically distinct folds given an alignment of homologous
sequences. Using an edit distance to measure changes on the topo-
logical level we  distinguish larger from smaller fold changes related
to changes in sheet topology and show that all three methods can
fail to distinguish strand swaps in the centres of beta sheets at
scores which would be deemed of high signiﬁcance (e.g. TM-score
0.5 or greater (Xu and Zhang, 2010)). Decoy-native comparisons
shows the same results and these are used to show that as expected
these problems also occur for comparison of real structures.
2. Methods
2.1. Decoy model generationDecoy models were built using a method based on the ideal
lattice frameworks (“forms”) (Taylor et al., 2008) taken from
a periodic table (like) arrangement (Taylor, 2002). The forms
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Fig. 2. SAP-based decoy/decoy comparisons. Each point marks the result of the com-
parison of a pair of decoy models, plotted as the number of matched residues (X-axis)
against their RMSD value (Y-axis). The green points have identical topology strings
(same fold) whereas the red points have different strings. The upper edge to the
red points marks the limit beyond which comparisons were not considered. (Only
up  to a maximum of 10,000 of these are plotted for clarity). The blue curve is the
optimised function that partitions the red and green points. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web  version
of  the article.)
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Fig. 3. TM-align-based decoy/decoy comparisons. See legend to Fig. 2.
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Fig. 4. Decoy fold discrimination. Decoy comparisons ranked by different methods:
SAP  (red), TM-align (green) and DALI (blue), using the various scores described in
Section 2. As each ranking is traversed, the number of true topological matches (Y-
axis) is plotted against the number of false matches (X-axis). The best discrimination
is  attained by methods that have curves approaching the top-left corner. (i.e. most
true hits with least false hits). Over the four data sets the renormalised TM-alignS.M. Hollup et al. / Computational B
escribe lattices of secondary structure elements (SSEs) in com-
act arrangments and guide the assembly of global structure based
n known principles of packing observed in a large proportion of
roteins.
Decoys were generated from the sequence alignments of four
mall -class proteins: 1coz 126 residues, glycerol-3P cytidyl-
ransferase; 1di0 148 residues, lumazine synthase; 1f4p 147
esidues, ﬂavodoxin (Rossman-like fold); 3chy 128 residues, bac-
erial chemotaxis Y protein (Rossman-like fold). For each of
hese probe proteins, we generated ten different multiple align-
ents, each containing different members of sequences from the
ame family. Some additional variation was also introduced by
he use of two different secondary structure prediction meth-
ds. All SSE variations that had sufﬁcient elements to map
nto an ideal form were permuted over each form and the
esulting folds ﬁltered to remove unfavorable features includ-
ng left-handed connections in a -sheet and loop crossings.
his resulted in, typically, several thousand folds. These ideal
olds were built into -carbon models, incorporating the vari-
tion in secondary structure lengths linked by pseudo-random
oop conformations (also of variable lengths taken from the
redictions).
The original multiple alignment was then threaded back onto
he template fold resulting in some additional shift of the struc-
ure away from its idealized origin (Taylor et al., 2006). This was
epeated ten times for each fold giving rise to minor structural vari-
tion through stochastic components in both the alignment and
odel construction methods. The threading method also returns a
core of how well the alignment ﬁts the model and this was used
o rank the models within each distinct fold type. The best model
or each fold was retained resulting in a collection of nearly 6000
odels. Of these, over 2000 have unique folds with the reduction
esulting through the same fold being derived from different start-
ng probe proteins. Interestingly, most of these do not occur in the
DB (Taylor et al., 2009).
.2. Geometry-based comparison
.2.1. Selected comparison methods
Three comparison methods were used that each have a distinc-
ive feature that allowed us to view the comparison of structures
rom different aspects as summarized: SAP (Taylor, 1999) an iter-
ted alignment method. (Originally called SSAP (Taylor and Orengo,
989) and used to generate the CATH database); DALI (Holm and
ander, 1993) substructure matching used widely in searches;
Malign (Zhang and Skolnick, 2005) structural alignment to opti-
ise the TM-score.
Each of these methods have their own differing intrinsic scor-
ng schemes: DALI calculates an estimated Z-score, TM-align uses
ts TM-score while SAP uses a complex multi-feature score. As well
s considering these scores, we will concentrate on a simpler eval-
ation of the data based on the unweighted RMSD in combination
ith the number of residues matched which provides a common
round for the different methods.
The raw SAP score we use is not that calculated by the pro-
ram but is instead a normalization of RMSD and alignment length
hat was used previously (Taylor, 2006). This is based on a simple
quare-root function of the number of matched residues damped
y a Gaussian function at short lengths to avoid the higher chance
imilarity of super-secondary structure:
√ ( n2)
 = n 1 − exp −
2
, (1)
here r is the RMSD value and n the number of matched residues.
his function has been shown to to be a good approximation of
score gives the best consensus performance (bold green curve). (For interpretation
of  the references to color in this ﬁgure legend, the reader is referred to the web
version of the article.)
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Fig. 5. Distribution of DOF and DUF matches to known structures. Upper panels plot the comparison of decoy models with native structures as RMSD (r, Y-axis) against the
number of matched residues (n, X-axis). To reduce the number of points, only the best match is plotted for each decoy. If the decoy model does not have a known fold (DUF)
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(t  is marked by a black dot while those with a known fold (DOF) are red dots. Results
f  decoys derived from the protein 3chy. The lower panels show these data plotted
pen  columns. (For interpretation of the references to color in this ﬁgure legend, th
he limit over which comparisons can be considered random. If the
aussian part of the equation described a normal distribution (half
ell curve), then  would correspond to the standard deviation. A
alue of  = 60 had been used previously but here a slight increase
o 70 was used which is a better range for assessing the results
btained below.
.2.2. Pairwise difference scores
The two values: RMSD (r) and number of matched residues (n)
an be combined into a single value based on a number of possi-
le scoring schemes to give a pairwise difference score. The ﬁrst
core we considered was simply the alignment length divided by
he RMSD (n/r). The second was the alignment length squared over
MSD (n2/r), which will favour longer alignments. A third score was
evised to give prominence to those pairs that have a similarity
ying in the boxed region in Fig. 1. Rather than use a box, we for-
ulated a partition curve as the square-root of n combined with an
xponential switch-function (replacing the less ﬂexible Gaussian
unction in Eq. (1):
 = a√n
(
1 − 1
(1 + exp((bN − n + c)/d
)
, (2)
here n is the length of the match and N is the maximum num-
er of matched residues. The parameter a scales the height of the
urve and d controls the steepness of the function at its switch point
hich occurs at length bN + c.
This function generates a smooth box-like boundary that canlso be used as the basis for a score by ﬁnding value of a that causes
he curve to pass through any given point in the plot. This is sim-
lar to the Gaussian damped square-root function used previously
Taylor, 2006) (Eq. (1)).lotted for the three comparison methods: SAP, DALI and TM-align using the dataset
quency histograms based on the value of n/r with DUFs as ﬁlled columns and DOFs
er is referred to the web version of the article.)
2.3.  Topology based comparison
2.3.1. Topology string deﬁnition
The topology strings that deﬁne the folds were derived from a
simpliﬁed coordinate system that describes the chain path through
the secondary structure lattice (Johannissen and Taylor, 2004;
Taylor and Aszódi, 2005; Taylor et al., 2009). The letters “A”, “B”
and “C” designate three secondary structure layers (, , , respec-
tively) and a number speciﬁes the relative position of the SSE in the
layer with the remaining dimension requiring only two  values, “+”
or “−”, to indicate direction. The ﬁrst SSE to enter a layer is assigned
position 0 and the ﬁrst strand in the sheet takes the positive ori-
entation, giving “+B+0” in the string. The ﬁrst -helix then sets the
top/bottom orientation by assigning its layer as “A”.
It should be noted that this description is slightly more general
than a straightforward list of the nodes occupied by the chain as
the relative numbering in the helical layers (“A” and “C”) admits the
possibility of unoccupied nodes between two  occupied positions so
that helices +1 and +2 in layer A, for example, are not necessarily
spatially adjacent in the structure. In general, the helices are free to
‘shift’ within a their layer but not to swap positions. This does not
apply to a -sheet layer as no gaps are allowed within the sheet.
In practice this means that two structures with the same topology
string can have differing twists, bends and shears in the location of
their secondary structure positions as well as differing lengths for
each SSE. The strings thus capture the topological, as distinct from
the geometric, nature of the match.2.3.2. True/false fold match partition
As well as providing a score, the partition curve (Eq. (2))  can
be scaled to ﬁnd the best separation between matches that have
the same fold (T, true) and matches with different folds (F, false).
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Fig. 6. Known folds matched to decoys using SAP. RMSD (Y-axis) is plotted against
the  number of aligned residues (X-axis) for proteins matching DOFs (green) and
DUFs (red). The blue curve marks the upper limit for meaningful comparison and
the  black line is the optimised partition function with its ±20 percentiles either
side. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web  version of the article.)
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Fig. 7. Known folds matched to decoys using TM-align. See legend to Fig. 6.
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Fig. 8. Known folds matched to decoys using DALI. See legend to Fig. 6.
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Fig. 9. Performance curves for methods and metrics. Each comparison of a decoy
and  a protein is scored by each method and scoring scheme combination (SAP = red,
TM-align = green and DALI = blue) and the pairs placed in rank order (X-axis). For
each position in the ranking, the value (TP–FP)/(TP + FP + 100) is plotted (Y-axis)
as a curve. Unlike a ROC plot, these curves can drop if the number of FP counts
increases faster than the TP counts. The thicker red line marks the renormalised SAP
score which, except for the 1coz dataset, performed well. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
the article.)
Journal Identiﬁcation = CBAC Article Identiﬁcation = 6173 Date: June 22, 2011 Time: 9:8 am
iology
T
o
a
t
b
s
c
s
v
t
a
T
c
t
u
a
3
3
3
t
T
c
p
r
T
t
o
(
B
t
a
n
t
r
s
t
i
w
r
u
r
t
o
n
3
t
l
(
a
b
m
f
F
i
lS.M. Hollup et al. / Computational B
rue matches have a topological distance of zero, false matches any
ther value.
True matches below the curve are designated “positive” (P) and
bove “negative” (N). “TP” then represents the number of true posi-
ives and “TN” the number of true negatives while the false matches
elow the curve are false positives (FP). The simple scoring scheme:
 = 100 (TP − wFP)
(TP + FN) (3)
provides a score (s) that does not use the TN count as this
an be very large and variable between different data sets and is
ometimes artiﬁcially truncated. The value of s was maximised by
ariation of the parameters a, b, c, d in Eq. (2).  A weighting fac-
or, w, of 0.5 was applied to the FPs giving more weight to the less
bundant TP data. The value of this factor determines how many
Ps lie below the optimised curve and a value of 0.5 resulted in a
urve that enclosed typically 80% of the TPs. The exact scaling of
he curve (the value of a) is less important than its shape as this is
sed to rank the matches and should be based on a ﬁt that encloses
 large fraction of true matches.
. Results
.1. Decoy/decoy comparisons
.1.1. Overview of pair comparisons
The 6000 decoy models that resulted from the construction pro-
ocol outlined in Section 2 were compared to each other using SAP,
M-align and DALI. To illustrate the differing behaviours of these
omparison methods we have taken the pooled decoy-native com-
arison data and plotted RMSD against the number of matched
esidues (Fig. 1). The two sub-structure based methods (DALI and
Malign) both return low RMSD values but at the expense of
he number of aligned residues. When assessing databank hits
r model/native similarity, towards which the two  methods are
respectively) directed, this is completely appropriate behaviour.
y contrast, the SAP methods returns more matched residues at
he expense of RMSD. The SAP method employs what is now known
s a global–local alignment algorithm in which terminal indels are
ot penalised but otherwise it attempts to align as much of the
wo structures as possible based on semi-local structural similarity
ather than overall RMSD.
Since we are interested in how match scores relate to global
tructural features, only pairs for which the alignment covered
he majority of both proteins were considered. This requirement
s roughly indicated on the plots by a box in the lower right corner
hich encloses alignments that have both more than 90 matched
esidues (typically 80–90% of the shorter protein) with a RMSD
nder 9 A˚. It might appear that very few comparisons lie in this
egion but as the plots include several million comparisons, even
he blue density comprises many pairs.
The comparison of the models that have resulted from any pair
f starting probe proteins generate alignments that, clearly, can-
ot exceed the length of the shorter protein. Conveniently, both
chy and 1coz have almost the same length which means that
he comparisons of both these sets with each other and the two
arger proteins 1f4p and 1di0 all have the same maximum length
126 residues). This provides ﬁve sets of comparisons that can be
nalysed before the complicating factor of length variation need
e considered. However of these, one set contained only two com-
on folds and was omitted. The four remaining sets of comparisonsor both comparison methods (SAP and TM-align) are shown in
igs. 2 and 3, respectively. In these plots, it is clear that compar-
sons between decoys with identical folds (green) lie towards the
ower right corner of the plot, having a low RMSD over close to the and Chemistry 35 (2011) 174–188 181
maximum number of residues aligned, compared to the body of
points (red) where the folds differ.
What is also clear from these plots is that there are a signiﬁ-
cant number of matching folds that fall well away from the lower
right corner, especially with the 3chy + 1f4p decoy sets (Figs. 2a
and 3a), and more so with the SAP comparison method. This is
the consequence of the structural latitude between proteins with
identical topology: different element lengths, positions and pack-
ing angles can all contribute to large geometric distances for the
same topology.
Also of note is the observation that a considerable number
of pairs with different folds lie towards the bottom right corner,
apparently having a quality of match that is comparable to other
pairs with the same fold. These pairs of structures may include
those that have “easy” fold transitions in which, say, a loop region
has shifted towards an -helix or -strand conformation. To inves-
tigate this requires that the quality of match is quantiﬁed and the
comparisons ranked and to do this we  used the scores described
in Section 2 that transform the RMSD (r) and number of matched
residues (n) into a single value, along with the intrinsic scores cal-
culated by each comparison method.
3.1.2. Finding the best partition curve
The optimal form for the partition curve that encloses the lower-
right corner of good matches in Figs. 2 and 3 (blue line) was found
by varying the four parameters of the curve (a, b, c, d in Eq. (2))
to optimise the value of s in Eq. (3).  The absolute scale (a) of this
curve is not important as it is used only to score each compari-
son by the value of a that causes the curve to pass through each
data point on the plots. Ranked by this value, the data can be re-
plotted showing the growth of true matches (same fold) against the
growth of false matches (different folds) as the ranked list is tra-
versed. These curves are compared for each of the two  comparison
methods along with the fold ranking based on their own scoring
values and the simpler reciprocal RMSD-based score described in
Section 2 (Fig. 4).
It was  found that the raw SAP score is a poor basis for discrimina-
tion, largely due to the incorporation of many shorter alignments.
When re-ranked by the partition curve, discrimination improves
markedly as these shorter alignments are now down-weighted. The
raw TM-align score provides a good discrimination and improves
only slightly with re-ranking based on the partition curve (bold
green curves in Fig. 4). Although this TM-align-based ranking was
never the best in any individual comparison data-set, it had a good
enough overall performance to allow us to avoid the use of separate
scoring schemes and methods for each comparison dataset and will
be used in the analysis of decoy matches below.
3.2. Decoy to native comparisons
Using topology strings derived by applying a match procedure
to the SCOP database (Taylor, 2002; MacDonald et al., 2010) we
assessed whether comparisons between decoy structures and real
proteins suffered from the same problems.
We divided our results decoys with topologies which were not
found in any known structure (Taylor et al., 2009) by searching the
set of all substrings derived from form ﬁts to the SCOP database
(Section 2) for the string corresponding to the decoy. This allows a
decoy to be classiﬁed as a decoy of unknown fold (DUF) or a decoy
with observed fold (DOF).
In the current analysis, the category of matches that is most
interesting are those pairs in which there is a good -carbon cor-
respondence but with different folds (deﬁned as “false positives”
in the previous section). If a decoy model has a good match to a
known protein at the residue level (positive) and the decoy does
not correspond topologically to any known fold (false), then the
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Fig. 10. Decoy/decoy 2,3-strand swap. The topologies of the two  decoys are shown in parts a and b with the swapped strand positions marked blue (more amino) and red
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tmore carboxy). The corresponding -carbon models are shown in c and d, respectiv
re  red. (The amino terminus is marked by a blue ball). Parts e and f show the supe
he  swapped strands are drawn more thickly. (For interpretation of the references 
atch must be a false positive since no known domain has a cor-
esponding topology. This is not to say that the matches between
OFs and real proteins with good scores are necessarily correct, but
t provides a basis for an initial ranking.
.2.1. Analysis of the comparisons
The 6000 decoy models were matched against 3700 domains
rom a high-resolution subset of SCOP10 (see Section 2 for details)
sing the three comparison methods (SAP, TM-align and DALI). As
n initial survey, we considered only the models derived from one
ataset with the simplest score, alignment length (N) divided by
MSD (R) which, from the analysis of the decoy/decoy comparisons,
ad performed reasonably well. (Fig. 5). In all the plots there is a dis-
inct population of known folds at high score values (good matches)ith the swapped strands in light-blue and pink. Other strands are green and helices
 models coloured blue from amino to red at the carboxy terminus as a stereo pair.
r in this ﬁgure legend, the reader is referred to the web version of the article.)
but also considerable overlap of these with unknown folds towards
lower score values. The N2/R score produced a similar picture. (Data
not shown.)
Unlike the decoy/decoy comparisons which all involve struc-
tures of a similar size, the decoy/protein comparisons involve a
larger size range for the known structures, giving rise to many
spurious partial matches with higher RMSD and shorter lengths.
Despite this, there is a reasonable number of good matches that
involve DOFs repairing with their fold partners or a homologue
and also a number of DUFs attain a good match. In the following
analysis we turn to the 2D plots of RMSD against length (Figs. 6–8)
to ﬁnd the best scoring scheme to distinguish correct DOF  matches
from the background and then use this measure to identify DUFs
with similarly high-scoring RMSD matches to proteins.
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Fig. 11. Decoy/decoy 1,2-strand swap. As in Fig. 10,  the topologies are shown in parts a and b with swapped positions blue (amino) and red (carboxy). Corresponding -carbon
models are shown in c and d, respectively, with the swapped strands in light-blue and pink. (Other strands green, helices red and the N-terminus a blue ball). Parts e and
f ed str
ﬁ
3
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d
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t
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h show the superposed models coloured blue (amino) to red (carboxy) with swapp
gure  legend, the reader is referred to the web  version of the article.)
.2.2. Fold rankings
The decoy/known datasets are dominated by the large numbers
f semi-random background comparisons, making it difﬁcult to
istinguish the performance of the various scoring schemes by a
imple ROC-like analysis. Following Eq. (3),  we  avoided not only
he TN counts but also the FN counts and used the simple score of:
TP–FP)/(TP + FP + 100). The value of 100 in the denominator was
ncluded only to damp ﬂuctuations at low counts. In all but one
f the data sets, the SAP comparisons re-scored by the partition
urve (Eq. (2))  performs well (Fig. 9). The exception is the dataset
erived from the 1coz probe which visually has a good separation
f DOFs from the background (Fig. 6) but many true matches are
ost to the TN region through having full length alignments with a
igh RMSD. Rather than employ a variety of scores, the re-scoredands are drawn more thickly. (For interpretation of the references to color in this
SAP comparison was  taken as a reasonable consensus and the
results discussed below are based on this.
3.3. Example Comparisons
As much of the earlier sections have been focused on relatively
abstract representations and discussion of protein folds, in this sec-
tion, we provide examples of the types of comparison that is being
evaluated, including decoy-to-decoy comparisons and decoy-to-
native comparisons.In all of these comparisons, we have focused on changes
that can unambiguously be described as a change in fold. These
do not involve any subtle change in angle between secondary
structure elements or the addition and deletion of minor edge
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Fig. 12. Decoy/decoy 2,3-strand swap (alternative match). Parts a and b show the topologies with swapped positions blue (N) and red (C) as in Fig. 10.  Corresponding -carbon
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oodels are shown in c and d, respectively, with the swapped strands in light-blue
 show the superposed models coloured blue (N) to red (C) with swapped strands
eferred to the web  version of the article.)
omponents (embellishments)—all incorporate an exchange in
osition between two core -strand s. From the earliest stud-
es (Richardson, 1977) to later analyses (Ruczinski et al., 2002;
rainger et al., 2010), such changes have been considered to be a
hange of fold or topology1.
In the context of the small -proteins considered in this work,
ost have a ﬁve-stranded -sheet. If we do not consider edge
1 We  use the terms fold and topology to refer to the same property which in
ur deﬁnition is any difference that involves a change in direction of position of a
SE  on the ideal lattice. This is equivalent to stating that there is no combination
f  anisotropic shear, twist or scale operations that could be applied to convert one
tructure into the other, which captures the essence of the more mathematical use
f the term “topology”.ink. (Other strands green, helices red and N-terminal blue ball). Stereo pair e and
r. (For interpretation of the references to color in this ﬁgure legend, the reader is
strands, then we  expect to see only the permutations of the three
central strand positions. Labelling these 1, 2, and 3, gives only three
situations: 2,1,3; 1,3,2 and 3,2,1. Note that these are positions in the
sheet not strands in the sequence so the three types of strand swap
can be found underlying a wider variety of topologies. If the struc-
ture is oriented with the ﬁrst -strand in the sequence approaching
and the ﬁrst helix above the sheet, then the two single strand swaps
can be distinguished.
3.4. Decoy-to-decoy comparisonsThe comparison data from Figs. 2 and 3 were ranked on their
TM-score and each was examined in turn for topologies that
differed by swapped core strands. Adjacent strand swaps were
Journal Identiﬁcation = CBAC Article Identiﬁcation = 6173 Date: June 22, 2011 Time: 9:8 am
S.M. Hollup et al. / Computational Biology and Chemistry 35 (2011) 174–188 185
Fig. 13. Native/decoy 1,2-strand swap. As in Fig. 10,  the topologies are shown in a and b with swapped positions blue (amino) and red (carboxy). The secondary structure
elements (SSEs) in white have no match. Corresponding -carbon models are shown in c and d with the swapped strands in light-blue and pink. Helices are coloured red
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cn  the decoy model but red on the top layer and orange on the lower layer for the n
how  the superposed models coloured blue (N) to red (C) with swapped strands ar
he  reader is referred to the web version of the article.)
ommon, with swaps involving the terminal strand being more
requent—presumably because it involves the shift of one less con-
ecting loop. The highest scoring pair is shown in Fig. 10 which
nvolves a swap of the 2,3 positions in the sheet. The TM-score for
his pair was 0.59 and the SAP comparison gave an RMSD of 5.07 A˚
ver 113 residues.
At rank 3, a strand swap involving the 1,2 positions was seen
Fig. 11)  with TM-score 0.58 and a SAP RMSD of 4.77/110 (A˚/res.).
s with the 2,3-swap, the bulk of the two models was  matched with
ust the two swapped strands displaced. An alternative to this type
f superposition was encountered at rank 13 (Fig. 12),  for a 2,3-
wap, where the two more carboxy located strands (pink in parts
 and d) retained a closer match, with the amino terminal strandsstructure. (Other strands green and the N-terminus a blue ball). Stereo pair e and f
n more thickly. (For interpretation of the references to color in this ﬁgure legend,
(blue) being excluded from the match. The drop in TM-score to 0.54
is only slight with a corresponding drop in the number of residues
matched by SAP to 4.8/85 (A˚/res.).
3.5. Decoy-to-known comparisons
The data from Figs. 6–8 were ranked by TM-score and the best
match of a native structure to a decoy with different topology was
to the Chey-like protein with PDB code: 1ccw (ASTRAL domain:
d1ccwa ). The decoy model also had a ﬂipped edge strand and an
off-lattice -helix that formed an bridging link to this antiparal-
lel strand, yet despite these additional topological differences, the
match had a good TM-score of 0.66 and a SAP match of 4.65 A˚ over
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Fig. 14. Native/decoy 2,3-strand swap. As in Fig. 13,  topologies are shown in a and b with swapped positions blue (N) and red (C). The SSEs in white have no match.
Corresponding -carbon models are shown in c and d, respectively, with the swapped strands in light-blue and pink. Other strands are green, helices red (red/orange in
native)  and the N-terminus a blue ball. Stereo pair e and f show the superposed models coloured blue (amino) to red (carboxy) with swapped strands are drawn more thickly.
Parts  of the native structure that are not involved in the match are drawn as a ﬁne trace. (For interpretation of the references to color in this ﬁgure legend, the reader is
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25 matched -carbon atoms. The superposition showed a good
verall match, with the swapped strands lying on top of each other
Fig. 13). The swapped strands lie in core positions 2 and 3 in the
umbering deﬁned above.
Native structures have a wider range of size than the decoys
generally on the larger side) which means that the superpositons
o not always completely coincide. This is seen where a decoy
ith topology corresponding to that seen in Figs. 10b  and 12b is
atched within the large protein with PDB code: 1y1p, speciﬁcallyhe domain deﬁned by the ASTRAL domain with code: d1y1pa1.
ithin this domain, the secondary structures lying on a regular
attice were automatically deﬁned as a 3-7-4 form (a layer of 3
elices over a 7-stranded sheet over a layer of 4 helices) withthe topology of an extended Rossman fold (Fig. 14). The swapped
strands lie deep in the core of the native structure and by ref-
erence to the decoy fold, involve positions 1 and 2 (as deﬁned
above). With a large deletion in the native structure, the corre-
sponding parts of the native and decoy structures match well,
with a TM-score of 0.61 and a SAP match of 6.96/126 (A˚/res.). The
superposed register of the two  -sheet s is similar to that seen
in Fig. 12.
An equivalent match of the same decoy fold to a “classic” Ross-
mann fold is found at rank 5 to the smaller protein: 1kle (ASTRAL,
d1klea). The superposition of these structures has a good overall
match with the two  swapped strands lying over each other as in
Fig. 15.  The match has a good TM-score of 0.60 but the less good SAP
Journal Identiﬁcation = CBAC Article Identiﬁcation = 6173 Date: June 22, 2011 Time: 9:8 am
S.M. Hollup et al. / Computational Biology and Chemistry 35 (2011) 174–188 187
Fig. 15. Native/decoy 2,3-strand swap. The topologies are shown in parts a and b with swapped positions blue (N) and red (C), as in Fig. 13.  (SSEs in white have no match).
Corresponding -carbon models are shown in c and d, respectively, with the swapped strands in light-blue and pink. Helices are coloured red (decoy) and red/orange (native)
with  other strands green and the N-terminus a blue ball. Stereo pairs e and f show the superposed models coloured blue (N) to red (C) with swapped strands are drawn more
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shickly. (For interpretation of the references to color in this ﬁgure legend, the reade
atch of 7.71 A˚ over 128 positions. The larger RMSD value appears
o come from two helices that have a match shifted by one turn.
. Discussion
For the purpose of fold discrimination, the results for the
ecoy/decoy matches and, to a lesser extent, for the decoy/native
atches showed that there is little to choose between different
omparison methods or scoring schemes, with only a few that per-
ormed markedly poorly. However, there was a general trend for
hose that calculate more extensive matches, covering a greater
roportion of the chain, to be better at retaining the fold identity.
here the method is able to discard a signiﬁcant fraction of the
tructures, such as DALI, and to a lesser extent TM-align, then keyferred to the web version of the article.)
features of the fold can be lost. This was especially true for the
decoy/native comparisons and is likely to be even more pronounced
for native/native comparisons.
When the folds were ranked on the method and score that
provided the best fold discrimination, it was possible to look at
examples where good residue-level comparisons were obtained
but with a topological mismatch. The most signiﬁcant changes in
terms of topology were selected in which pairs of -strand s had
“swapped” positions in the core of the proteins. Close examina-
tion of the superposition of these pairs showed that good quality
could be maintained in the overall match despite the shift between
the two  swapped strands. This was  achieved by keeping the two
strands sitting in their swapped positions, giving the added RMSD
associated with their strand separation (5 A˚ over several residues).
Journal Identiﬁcation = CBAC Article Identiﬁcation = 6173 Date: June 22, 2011 Time: 9:8 am
1 iology
A
m
p
t
a
u
S
w
c
p
a
A
T
R
A
B
C
C
C
D
F
F
G
G
G
G
H
H
H
H
H
J
K
K
M
M
M88 S.M. Hollup et al. / Computational B
lternatively, discounting the contribution of one pair by an align-
ent indel allows an intercolation of strand positions in which each
air is displaced by less than a strand separation.
The matches observed by these topologically different struc-
ures were of a sufﬁciently high quality that most would be
ccepted as signiﬁcant by the three structure comparison methods
sed: A TM-score over 0.5, a DALI Z-score over 5 and a normalised
AP score under 1. For one-off comparisons, topological errors
ould be found by visual inspection but where the process is
ompletely automatic, as in the assessment of a large number of
redicted models or in the exploration of protein fold-space, then
 failure to recognise topological differences becomes important.
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